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ABSTRACT 
 
 THE MECHANISM OF Mg2Al3 FORMATION BY MECHANICAL 
ALLOYING. Synthetic and characterization of the Mg2Al3 formation by mechanical alloying 
have been carried out using a high energy ball milling process. Mechanical alloying is a 
technique of solid state reactions among two or more metals to form a new alloy through the 
deformation properties of the metals. The Mg2Al3 alloy was formed by milling the individual 
constituents using a high energy ball milling under the varied milling time of 10, 20 and               
30 h. The refinement results on the x-ray diffraction analysis show that the observation and 
calculation are fit to each other. After milling for 10, 20 and 30 h the mixed Mg and Al metals 
are converted into Mg2Al3 at the composition of 71.82, 90.73 and 96.19 wt%. It is concluded 
that the Mg2Al3 alloy can be performed by high energy mechanical alloying after 30 h of 
milling. The mechanism of the Mg2Al3 formation is discussed. 
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INTRODUCTION 
 
The global energy crisis has motivated all researchers to develop 
hydrogen as the alternative energy. Hydrogen represents an energy carrier 
that is clean and can be produced without foreign energy imports, being often 
characterized as the “ultimate fuel of the future”. While hydrogen as a 
commercial energy carrier is still in its development stages, there is growing 
interest and also growing momentum to address the technical difficulties and 
barriers that remain, and to move hydrogen forward to reality. One of the 
hydrogen storage method developed is through metals and its alloyed namely 
metal hydride [1-3]. 
Magnesium and magnesium-based alloys are promising hydrogen 
storage materials due to their high storage capacity and low cost. For example, 
pure Mg and Mg2Ni alloy can absorb hydrogen up to 7.6 and 3.6 wt%, 
respectively. However, they need high temperature over 573K to show 
preferable hydrogen absorption and desorption properties because of the poor 
hydriding and dehydriding kinetics. For practical application, it is               
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necessary to improve the hydrogen reaction kinetics and lower the working 
temperature [4-7]. 
It has been succeeded in preparing the synthetic alloying of the Mg2Ni 
compound by using a high energy ball milling and hydriding it into               
Mg2NiH4 [8,9]. From the examination results it is found that about 88% of the 
Mg2Ni compound can be obtained from the individual constituents after            
25 h of milling process under toluene solution for protecting the metals              
from oxygen. 
Success on preparation of the Mg2Ni by mechanical alloying, another 
syntheses in the form of Mg-Al is examined. For instance, Andreasen [10] 
have success to prepare the Mg-Al alloys using an Edmund Buhler arc 
melting furnace. His experimental results showed that Mg17Al12 compound 
can be produced from approximately 5 g of a mixture of magnesium and 
aluminum according to its stoichiometry. The Mg-Al alloys have              
attracted considerable attention because it can absorb hydrogen up to about 
3.02 – 4.44 wt%. Unlike the Andreasen’s experiment, the Author uses high 
energy mechanical alloying method instead of arc melting and the Mg2Al3 
compound is obtained instead of Mg17Al12 compound. Detail mechanism of 
Mg2Al3 formation during mechanical alloying is presented in this paper. 
 
EXPERIMENTAL METHODS 
 
The equipment used in the experiment is a high energy milling (HEM) 
Spex type 8000 with the specification of machine as 4500 rpm at normal 
blending speed, run time 90 min, and off time 30 min. This is called one 
cycle of milling. The HEM consists of a vial, which is filled with balls 
spinally moving to comminute the powder of initial specimens until new    
Mg-Al compounds or nanosize particles are obtained. The vials were made 
from stainless steel with the diameter of 5.1 cm and 7.6 cm in length.               
The balls are made from stainless steel with the diameter of balls is 12 mm. 
About 15 grams of Mg and Al elements with atomic ratio of Mg:Al = 2:1 are 
mixed together with balls and then poured into the vial. The ball to specimen 
ratio is 8. The varied milling times are 10, 20, and 30 h  at room temperature 
under toluene solution.  
The Mg2Al3 compound was prepared by solid state reaction by mixing 
the elemental constituent of Mg (obtained from Merck with purity of 99,5%, 
< 3.5 µm) and Al (obtained from Merck with purity of 99,0%, < 10µm) with 
the atomic ratio of Mg:Al = 2:1. 
Qualitative and quantitative analyses were measured by using an X-ray 
Diffractometer (XRD), Philip, type PW1710, using Cu as the anode tube and 
λ = 1.5406 Å. Continuous scanning was conducted at 0.02° step size and             
0.5 second/step. The scanning results are analyzed by a Rietveld method 
developed by Fuji Izumi [11]. The first data contains parameter of the crystal 
structure and the second is the data of intensity. The Rietveld method then 
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gives information about the crystal structural parameter in a unit of a cell, 
intensity of the calculation and observation, number of mass fraction if the 
sample contains more than one compounds, and the data of Bragg reflection. 
The HEM and XRD machines are located in the Center for Nuclear Industry 
Materials Technology, BATAN. 
 
RESULT AND DISCUSSION 
 
The β-phase Mg2Al3 and γ-phase Mg17Al12 are among the stable Mg-Al 
compounds that can be formed by solid state reaction using a high energy ball 
mill. The diffraction analysis of the Mg-Al alloy with the atomic composition 
of Mg:Al = 2:1 after milling for 0, 10, 20, and 30 h is presented                     
in Figure 1. 
 
  
 
Figure 1. The X-diffraction pattern before and after 10, 20 and 30 h                      
of milling. 
 
From Figure 1 it is showed that before milling the Mg-Al mixture 
contains no impurities and only Mg and Al phases are identified. During 
milling for up to 30 h, a mechanical milling process occurs that can be 
explained as follows. During milling the Mg and Al powders are periodically 
trapped among the steel balls that collide to each others resulting in the metal 
powders loss their crystal orientation, transformed into amorphous state and 
finally plastic deformation. The Mg and Al powders fracture and broken into 
smaller particles and slurring together by a process called cold welding to 
form a new compound. After 30 h of milling the mass fraction of the 
elemental components reducing significantly and the mass fraction of a new 
Mg2Al3 compound increases for > 90 wt%. To identify the peaks of the x-ray 
analysis before milling we use Hanawalt’s Table [12, 13]. To simulate the            
Mg-Al phases formed after milling we refer also to the Mg-Al phase               
diagram [10] and the refinement results for the X-ray diffraction after 10,              
20 and 30 h of milling are presented in Figures 2, 3, 4 and 5.  
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Figure 2. Refinement for the X-ray diffraction result before milling. 
 
Figure 2 shows the refinement of the X-ray diffraction pattern of the 
specimen before milling. It shows that the Mg and Al elemental components 
have found no impurities. The highest peak for Mg metal phase is at plane 
(101) and for Al metal phase is at plane (200). The quantitative analysis of 
the specimens obtained that it contains Mg and Al about 43.3 % and 56.7 % 
in mass fraction, equal to the atomic composition for Mg2Al3 compound. 
Figure 3 shows the refinement of the X-ray diffraction pattern for the 
specimen after milling for 10 h. After milling the peaks for Mg, plane (101) 
at angle 36.39o, and Al, plane (200) at angle 44.49o, decline sharply                   
(see symbol ↓) while new peaks grow at angles 38o, 43o, 63o and 76o 
symbolized by ↑. These peaks belong to Mg2Al3 phase. The refinement result 
for the X-ray diffraction pattern shows that the growth of Mg2Al3 compound 
increased to 71.82 % and the phases for Mg and Al reduced to 6.37 % and 
21.82 %, respectively. The drastic reduction in elemental components come 
from Mg because Mg amorphous easily than Al. 
 
 
 
Figure 3. Refinement for the X-ray diffraction result after 10 h of milling. 
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Figure 4 shows the refinement of the X-ray diffraction pattern for the 
specimen after 20 h of milling. It exhibits that parts of the Mg peaks 
disappear and only the highest peak of Mg at plane (101) can be seen as a 
small peak at 36.39o. Similar to Mg peaks, the height of Al peaks reduce 
sharply at planes (200), (220) and (311) into smaller peaks. After 20 h of  
milling, the growth of Mg2Al3 phase increases to 90.73 % and the mass 
fraction of Mg and Al decrease to < 1 % and 8.89 %, respectively. Figure 5 
shows that the peaks of Mg disappear and that of Al become very weak,            
an indication that almost all Mg and Al are converted into Mg2Al3 compound. 
 
 
 
Figure 4. Refinement for the X-ray diffraction result after 20 h of milling. 
 
Figure 5 shows the refinement of the X-ray diffraction pattern for the 
specimen after 30 h of milling, where the Mg peaks totally disappear and 
only small peak from Al phases identified at plane (200) at angle 44.49o. 
Qualitative analysis of the specimen showed that the mass fraction of Mg2Al3 
is about 96.19 %. 
 
 
 
Figure 5. Refinement for the X-ray diffraction result after 30 h of milling. 
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Figure 6 illustrates the growth of Mg2Al3 phase during 30 h of milling. 
Before milling (Figure 6a), peaks of Mg at plane (101) and Al at plane (111) 
are the highest. After 10 h of milling (Figure 6b), peaks of Mg (101) and Al 
(111) decrease sharply. The disorder of Mg and Al peaks is resulted from the 
amorphous states of metals due to milling. After 20 and 30 h of milling            
(Figure 6c and 6d) the peaks of Mg and Al disappear, an indication of the 
decrease of mass fraction of both Mg and Al powder due to amorphous state 
and conversion of the Mg and Al into Mg2Al3 phase, while no Mg17Al12 
phase can be identified. 
 
(a) before milling 
 
             (b) After 10 h of milling 
    (c) After 20 h of milling 
  
        (d) After 30 h of milling 
 
Figure 6. Illustration of the Mg2Al3 growth due to mechanical milling. 
 
Bouaricha et al [14]. also examined the Mg-Al alloys at various 
composition of constitutional components Mg:Al = 90:10, 75:25, 58:42, 
37:63, and 20:80. Most of his experimental results convert the Mg-Al powder 
into Mg17Al12 compound. According to the Mg-Al phase diagram [15], the 
solubility of Al in the hcp structure of Mg is 11 at.% at 437oC. It means that 
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the more Al in the Mg-Al alloy, the Mg17Al12 will be formed. Busk’s                
data [16] on the variation lattice constant a and c of Mg with Al content of 
the hexagonal phase also support the Bouaricha’s results. 
Crivello et al. also examined the MgxAl100-x at x = 47.5 ~ 70 alloy by 
incremental step of 2.5 [17]. Most of his experimental results obtained 
Mg17Al12 as the major yields. For atomic ratio of Mg:Al = 50:50, his 
experiment found about 25 % of the alloy was β-phase Mg2Al3 coexist with 
the γ-phase Mg17Al12 according to the rietveld refinement. 
From our experimental results, where mostly β-phase Mg2Al3 and                
no γ-phase Mg17Al12 can be identified, it is suggested that there are different 
method of preparation. Andreasen used arc melting furnace on his alloying 
work while Bouaricha and Crivello used HEM. Although we used also HEM, 
after milling we do not treat further the specimens, e.g. by annealing. 
Therefore it is suggested that after finishing the 30 h of milling is followed by 
annealing the specimen at temperature of > 350 oC the complete ordered 
structure of the specimen will be obtained in the form of β-phase Mg2Al3 and 
γ-phase Mg17Al12. Continuous examination by varying the Mg-Al 
compositions should be conducted. 
 
CONCLUSION 
 
The Mg-Al alloy has been synthetized by high energy ball milling 
method. The refinement results of the X-ray diffraction pattern showed that 
the calculation fit properly with the observation. The rate of β-phase Mg3Al2 
formation after 10, 20, and 30 h of milling is 71.82 %, 90.73 % and 96.19 %. 
Further experiment is being conducted in order to investigate the formation  
of γ-phase Mg17Al12 . 
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